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HIGH-FREQUENCY CAVITY APPLICATIONS

AND MEASUREMENTS OF

HIGH-TEMPERATURE SIJPERCONDUCTORS

D W Cooke ad E R, Gray

Los Alamos Nahonal Latmato~

Los Akrmos, New Mexl~ 87545

ABSTRACT

A potentially Important a~@cation of high-temperature superconductors
will be high-tre~ency accelerating cavities Currently these malenals are no!
co~tttivo with Nb a! It@Id helium temperature or wrth Cu al rwm temperature.
However, avalabb data on highqxdity single crystals suggest that the relatively
poor rl lxoperhea (high suflace rewlance and low surtace magnetic field) of bulk
ad film speamens are tie 10 matetlals propofiies that can be eliminated by
i~ved lx’crcesdng Iechriques, Recent progress in the fabrication of thin tilms,
for example, demonstrates that this is irdeed the case

I O INTRODUCTICW

A potentially i~rtant application of high-le~rature superconductors (HTS) is radiofrequency (rr)

accelerating Cavrties The pres.nt Industq wandard IS nhtiurn, which, because of Its relatively bw Irdnslllon

femperaturo (Tc .93 K), must Oparatc al or bdow kqrmdhelium temperature 10achieve the desired hqh O values

From a c~nwo wowpomt abnc it is thus obviou~ that HTS (Tc - 90 K) otfors a Wtontlal advantage over

convamional a.upaamhctors Howwzr, for HTS to ettectivoky co~te wlh Nb It mat exhibt simliar properties

al higher to~rature--nam~, h valuoa of wfi~ res.istmce (Rs) al relatwoky high d @wer Ietiels These two

re~iremerrts havo MI hn wrmttarwxmly mat with HTS, howover, na experimemal or theoretical evidence

exists wh~h would Ir’r@y that they am unattarnabb

Research roaults to dale uu~st I?al the lmor high.frequency Wdormnce IS attributable In pafi to the

granuiar nature of these materiats That IS, Ihey are comprised of supercorKiuc3ing regions separated by non-

superconducting QrRin boundaries, which may contain lnSulatlftg or melallic lmwdllOs Eilmlnatlon of the grain

boundanos, and, consequemly, of Iho Irrpurllies, will certainly lower Rs, as ewdenced by recent single-crystal

results ‘ ~ course Ihore are many olhor materials. ralated properllea, such as pm stolchlomelry Inclusons grain

size, elc Ihat may be doloterious 10 high-frequency per!orma~nco Nevertheless, the essential ponl IS [hat poor

1 D L Rubm K Green, J Omschua J Klrchgessner D Mottat H Padamsee, J Sears, O S Shu
L F Schneemeyer, and J V Waslczak, Phys Rev B M 6538 ( 1988)



performance is strongly correlated with materials processing, and not with any inherent physical property

Consequently, with improved materials fabrication techniques, one can realistically expect to achieve high-

frequency cavity performance of HTS in the very near future.

2.0 HIGH-FREQUENCY SUPERCONDUCTIVllV:

FUNDAMENTALS

The primary advantage of superconducting cavities over non-superconducting ones is that a much smaller

fraction of the input power is dissipatd in the cavity walls (Joule heating). Because the power dissipation

increases as the square of the accelerating voltage, it is clear that Cu cavities become very inefficient and

expensive at higher particle kinetic energies. AttematWefy, W(WXMKfucting cavities have surface resistances that

are 5-6 orders of magnitude bwer than Cu. After factoring in the increased refrigeration costs required to mamtaln

the requisite bw temperatures (typical operating temperatures are 1.5-2 K for Nb), there is still a net gain of a factor

of several hundred in overall operating cost of the accelerator.2 A further improvement in accelerator technology

could be realized if materials with bw RS existed at relatively high temperatures. This wculd eliminate the need for

costly liquid helium refrfgeration. High-te~rature superconductors (Tc -90 K) meet this Ia!’!er requirement, and,

with improved processing techniques, are expected also to satisfy the fwst one

For a superconducting sample in a high-frequency cavity, the surface resistance, Rs, is defined by

(1)

where Ps represents the Joule losses per unit surface area o! the sample, and Hs is the sur?ace

the mormal conducting regime (T>TC) R9 is given by the usual sldn-cfepth formula

I pa)

‘s=J= (2)

where p IS the permeability, u is the measuring frequency ar?l u is the conductivity At T<TC

magneoc field In

(superconduchng

regime) the charge carders condense into Cooper pairs. In the presence of a dc field these pairs car~ all the

current, thereby shiddng the normal electrons, and resulting In zero dc electrical resistance. In the presence of a

high-frequency field tM situation is more Cx)wlicat$d ad is most easily understood m terms o} a “two. fluld model”

one fluld associated with the normal conducting electrons and the other with the superconducting ones When a

high-frequency field is applied, the Cooper pairs move fnctionlessly They do, however, have Inertial mass

2 H Padamcee, Cornell Urlv , CLNS 88/844, Presented to MIT DOE.%PRI Workshop, Salem,
Massachusetts, June 22-24, 1988



therofore, forces must be applied to cause the reversal of their motion. These forces are related to electnc fields

which must exist m the skin layer of the superconductor. Thus normal electrons are continually accelerated and

decelerated which leads to dissipation (Joule losses). The analytic expression which describes the surlace

resstance for a classical superconductor is3

A(T)
Ff~(o, T ) = A+wp[-~1+ ‘:., (3)

where A(T) - akBTc and a = 1 7-2.3. Rres IS a temperature-independent resistance which depends upon the

quality of the material surface. Figure 1 defxts Rs(T) for Nb3Sn (Tc = 18 K) taken at a frequency w = 8 GHz, and

clearly lli:jstrates the behavior described by Eq. (3). Formally, BCS thewy yields a resuft for Rs that IS slmllar to

Eq. (3), but includes other material parameters such as Lotin Wnetration depth, coherence length and electron

mean ffee path.
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3 H Plel M Hem N Klein, A Mlctlalke G Mulkv and L Ponto Physlca C 153.155 1604 f 1968)



Of equal importance in the application of HTS to accelerators is the critical surface magnetic field Hs. This

parameter determines the maximum accelerating voltage attainable before breakdown of superconductivity occurs.

The numerical value of Hs is not equal to Hc I (lower critical magnetic field) as might be expected For high

frequencies it is possible for the Meissner state to exist in magnetic fields higher than HCI, a field referred to as the

superheating magnetic field, Hsh. This results from the fact that a finite amount of time is required for a vortex to

nucleate.4 For Type II superconductors near HCI the time is - 10-6 see, whereas the high-frequency period is

. 10-R sec. For extreme Type-n superconductors, theory predicts that Hsh -0.75 Hc >> HCI, where Hc is the

thermodynamic critical field. In Nb and Nb3Sn critical fields greater than HCI have indeed been measured.4 in the

case of Nb, Hc is 2000 Oe, which corresponds to an accelerating field of - 50 MV/m.5 Hc for YBa2Cu307 (YBCO)

has been estimated to be as high as 27,000 Oe,6 corresponding to a maximum accelerating iield of 400 MV/m!

Unfortunately, thermal breakdown is not the only impediment to attaining high electric fields in superconducting

cavities. Generalt/, field emission loading and multipacting limit the maximum accelerating field to values much

lower than those determined by Hsh 7 prellmlnarY measurements of electric-field breakdown and secondarY

elecfron emission in HTS materials have been made 8

30 CHARACTERIZATION TECHNIQUES

Surface resistance IS the HTS high.frequency parameter most frequently measured; its value determines

the potential of these materials for use m aCCOlOralingCavltles There are, however, many more research groups

producing HTS samples than are measuring Rs, and a backlog of samples usually exists II is important to

determine whictl available specimens are likely to yield low values of Rs. The ,more conversional solid-state

techniques do not necessarily provide this at,swer For example, dc resistance determines the minimum

percolate pa;h of the bulk material but does not provide much information about the sutiace propeflies--a sharp

reslstwe Iransmor! does not Implv a low value of Rs Thus, It is necessary to screen HTS material, be II bulk, fi;m, or

single crystal, so that time IS not was!ed on measurements of poor quahty specimens Ideally, these screening

d T Yogi, G J Dick, and J E Mercereau, F’hys Rev Lett 39, 826 (1977)

5 t{ Padamsoe, Cornell LJmv , Cl NS 88;864 Presen;ed fo 1988 LINAC Conference October, 1988

; G MUller, M H&r!, N Klein H PwI 1 I’onto, U Klein and M I>elruger, f%?senfod to [ uropean
I)arhclo Accelerator Conferwwe, !{ome June 7 11, 1!)88

H V<lrlanCorp prwafo corl~lrk~rll(;;illorl



techniques will be quick, simple, and inexpensive. TWOmeasurement methods have emerged that sa!lsfy the

above-stated criteria, eddy Currentg and thefmally stimulated luminescence.10

The eMy-current apparatus, shown schematically in Fig. 2, consists of a sPlit coil connected to a wsonant

(- 20 MHz) tank circuit of fixed capaatance. When an HTS sa~le (bulk, film, or crystal) is introduced between the

coils, eddy currents are induced in it which modify the ~tual inductance of the resonant circuit The magnitude ot

ae induced eddy currents depends on the conductivity of the sample, which, in turn, depends on the

temperature.

Temperature _

Figure 2. Schematic of eddy-current apparatus showing both the s@N-cod and
single-coil configurations. Upper pomon shows Comparison between typical
eddy-current and @ rmistanca data.

A pbl of the resonant frequency vs. tompsrature produces a curze snrlar to the one shown in Fig. 2 The data are

acquired in -1 hr by the carnputer-controlbd system. A pfincipal advantage of !he technique IS that no e!ec!ncal

contacts are required for the measurement, this is espeaally ltwtiant for thin fiims A~”e Tc the tecnnQue

probes a sample w31ume@@sad of the $ut’faCOarea, As, and depth, h, given by the normal skin-depth equation

9 J D ~8S, f) w Cooke, C W McC~, and M A, Maez, Rev Sci InStfUm.59. mg (1988).
J D Doss, D W Cooke, P N Arendt, M Nastarm R E Muenchausen, and J R Tesmar,
Superconductor % and Tech To he pkrhshed

‘0 D W Cwke, M S Jattan, J L SnMh, M A Maez, W L t+ulfs, I D Ramtrick, D E Peterson
J A O’Rourke, S A IWhardson. J D Doss, E R Gray B Rusnak, G P Lawrence and
C Forfgang, Appl Phys Left ~, 960 (1989)



where p is the magnetic permeability, Q is the measuring

(4)

frequency, and u is the electrical conductivity. In the

superconducting state (T< Tc), the volume consists of As and the magnetic field penetration depth, L(T), given by

the empirical formula

A(l)=
A(o)

m-T’
1- —

Tc

(5)

where A(O) is the penetration depth at T-O, taken to be 1500 - 1900 A.’1 The essential feature is that the

technique is probing the surface region, which is al~ the region of interest in the high-frequency measurement

A second useful screening technique is thermalty stimulated luminescence (TSL). The basic utility of the

method lies in the fact that only insulatom, and not metals, Iurninesce. Therefore, if insulating impurities such as

metal carbonates and oxides exist within - l~m of the superconducting surface, they will, upon excitation, exhlblt

TSL. These impurities, which resuft from improper processing of the material, contribute to high values of Rs, and

consequently, must be removed from the HTS surface. Bacause HTS materials are opaque with relatively large

absorption coefficients (104 - 106 cm- 1), the TSL photons emanate from with - lpm of the surface, which ts

precisely the region that determines Rs,

Experimental equipment for TSL measurements consists of a heater and photomulfiplier tube encbsed m

a light-tight box. A high-vohage power supply and amplifier control the signal, which can be plotted on an x-y

recorder, Excitation can be done with x- or y-radiation withwt any harm IO the supercoruhcting properties A

typtcal readout time is -85 sec. Inter {etafion of the rewlts is straightforward, if any TSL signal is observed t?must

be oommg fmm insulating in’puties residng near the surface, and these nwt be removed d tow values of Rs are to

be achieved. We have used this method to screen bulk, Single-cwslal, and in some cases, Iiims of HTS material to

estimate Rs. A quantitative correlation of Rs with TSL for butk speamans ISgtven in Fig. 312

11

12

D W Cooke, R L Hutson, R S Kwk, M Maez. H Rempp, M E. Scbillaa, J. L. Stith, J O Willis.
R L. Llchti, K-C B Ghan, C. 8oekema, S. P Weafhersby, J. A. Flint, and J Oostens, Fhys Rev B
37, 9401 (1968), D W Cooke, R L Hutson, R S Kwok, M Maez, H Rempp, M E Schdlacl,
J L. Smith, J O Willis, R L Lichti, K -C B Chan, C Boekema, S P Weathersby, and J Oostens,
Phys RUV B 39, 2746 (1989)

D W Cooke, E Bennett, E R Gray, R J Houtton, W L Hutfs, M A Maez, A. Mayer, J L Smtth,
and M S Jahan, Appl Phys Left , submitted
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fi~re 3. Correlation cd TSL wrth R~ Data were faken at 3 GHZ a~ 4K on bulk
specarmns (exca@ as rtmed).

These two screening lechn@es, eddy current and TSL, have proved useful in assesw~ the quality of

HTS for high-fre@ency meawrernents, &vwMJsIy, a great @al of lmw (and money for Itqud hekum) can be Saved

by screern~ oul those SatT@OSthat, for one or more reasons, are charactetizti by hqh values of Rs Figure 4

Nusfrates an eqmwnmtal scheme for metlmSc@ly evakmti~ a large mwrtier of H“~SsaqMes

40 SURFACE RESISTANCE AND CRITICAL FIELDS

Several techniques for measuring Rs are ~esenlly In use These Imlude cawty perlurballon,’ ‘3,’4 ‘ 5

replxemenl Of fhe end wall 01 a cyHtirlcal cavity wtth a superwrulucfing sample,’s’ 7 ‘a half-wave resonant

‘3 M Hagan, M H&n, N Kbrn, A Mkhake, F M Mueller, G Mulbr, H PIoI, R W R51h,H Shelnberg,
ati J L .%mth,J Magn Magn Mal “59.L1 (1W17)

W ~e, E R Gray, R J ti;ton, B Rusrmk E Meyer, G P Lmvremx M A Maez,
Bennett, J D ~.~oss,A Mayer, W L l-lung, and J L Srnrrh, J A@ Phys submdlad

Sndhar and W L Kennedy, Rov % InStrum ~ 531 (1988)

Kleln, G Muller, H Plel, B Ross, L Schultz, U Klein, am M Pelnqer, Appl Phys Letl 54 757 1989)



coaxial line,’ 9 stripline resonator,2° and disk resonator.2’ Each of these techniques has particular advantages

and disadvantages. For example, bulk specimens are conveniently measured in a cavity by the perturbation

technique (see Fig 5), where the elemotnagnetic field probes all sides of the sample. This is not the most suitable

method for measuring Rs of film specimens, however, because the electromagnetic field probes not only the

superconducting film, but also the substrate and interface. Assuming that the electrodynamics losses in the

substrate are rmch smaller than those in the film, and that no unusual losses occur at the film/substrate intertace,

Rs values can be extracted from this measurement.

ERIMENTAL APPROACH

+
Hk’Ml - Tc 9AWLES

u- * 1
SINGLE CRYSTALS \

DESIQN EXP1.
Am, S$Ec.
OtEsmw

RF CAVITY
3mkm

awzeu
1

Fi~ure 4 Experimental scheme for evaluating the quality of HTS samples

‘7 D W Cooke, E R Gray, R, J, l-loulton, B Rusnak, E A Meyer, J G 13eery,0 R Brown,
F H Garzon, 1 D Ramtrfck, A, D, Rdlett, and R Bolmaro, Appl. Phys. Left , subrmtted

‘e J P Canm A N. Awasthl, W Beyermann, G. Gtiner, T. Hylton, K Char, M R Beasley, and
A Kapdturvk, Phys Rev B 37, 9726 (1988]

19 J R Delayen, K C Goretta, R B Poeppd, and K W Shepard, Appl Phys Left 52, 930 (1988)

20 M s Dlirjrlo, A c Anderson, and 6 -Y Tsaur, ~fIYS Rev 6*. 7019 (1988)

2’ A Fathy, D Kalokms, E Bebhoubek, H G K Sundar, ati A Safari, Phys Rev B 36, 7023 (1988)
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F~?e 5. Schematic diagram of a 6-GHz cavity used to measure surface resistance
of HTS sarrpies. (Fmrn Ref. 1).

A more appropriate techni~e for measuring films is the end-wali replacement technique shown in Fig. 6.

In this configuration the end wali of a cylindrical TEO11 fundamental mode cavity is replaced by the

superconducting fiim. For this geomet~ there are no microwave Iosm at the iunction between the end wall and

cylindrical body of the cavity. Moreover, the eiectromagnetk field distribution is easily calculated for this mode. By

soiving Maxweii% equations with the appropriate boundaty conditions it is found that 26°/0 of the cavity bsses

occur at the end wail. Thus, the reciprocal Q of the sample, 1/(2s, is obtained by subtracting the reciprocal 0 of the

empty cavity, l/C)c, from that of the cavity with the sa~ie, llQc+s, i.e.,

(6)

where q IS an enhancement factor (1 .26) that artificially increases the bare cavity 0 to a value consistent wllh no

losses in the end wall, The sudace resistance is computed from the measured Q values of the sample and a known

material, stamiess steel for the system described,



C?’R;
R~=~ (7)

s

where the primes stand for the appropriate values of the standard material (Rs’ = 239 rnfd at 22 GHz).

22GHz TEOI 1 MODE CAVITY

Qo Q
‘:P D~~TE TEVPERATLJRE

o 9 SENSOR

Q

o 0

COLLAR
Qa a

Q

SUPERCONDUCTING -
SAMPLE

e

+ : “.=

RF LOOP

QQ o TEPAPEI+ATURE
SENSOR

BO170M PLATE a a

COLD HEAD (12’K)

Figure 6. Schemat!~’ of a typical cavity used for measuring Rs of films. Note that
tha film forms the end wail of the cavity,



The temperature 5ependence of Rs is obtained by cooling the Cu cavity to 15 K with a closed-cycle

refrigerator and slowly warming it to RT while measuring the corresponding Q values. A computer-controlled

network analyzer automatically determines the resonance peak ar$cl half-power points from which the 0 IS

calculated. The sensitwity of this Cu cavity is Iinlted by its intrinsic Q (- 65,0:0) to Rs values of approximately 2 mf)

Lower Rs values can be obtained with the use of a superconducting Nb cavity, which has a much higher 0 (- 2 X

106) at 4 K.

Shown in Fig. 7 are ty@cal surface-resistance curves for films of YBCO e-beam deposited onto SrTi03 and

LaGa03 substrates, and measured in the Cu cavity shown in Fig. 6. For comparison with Eq. (3) and Fig. 1, we

have plotted the data as log Rs vs. Tfl (Tc = 90 K). Notice that there does not exist a distinct linear region in the

curve of Fig, 7; For T<T~2, Fts is dominated by Rres, which, as discussed below, may be attributed in part to the

interaction of the microwave field with the substrate. The sharp peaks obsewed in the Sr~03 cuwe are caused by

the strong temperature dependence of the permittivity e of this substrate (E rises from near 1000 at 100 K to

25,000 at 4 V).l 8 In contrast, e for LaGa03 i~ -25 at RT and is relatively temperature-independent,22 Therefore

no oscillations in RSoccur in films grown on this substrate.

101

100

10-1

10-2

10-3

,n.44—___L_ 1 I 1
Iw

0 1 2
TCJT

3 4

Figure 7, Surface resistance curves for YBCO films (0,8 pm) electron-beam
deposited omo SrTi03 and LaGa03 substrates Measurements were made m the
22-GHz cavity shown in Fig. 6 (TC=90 K).

5

22 R. L Sandstrom, E, A, Giess, W. J, (3alIagher, A Segmuller, E I Cooper, M F C,lisholm, A Gupta,
S. Shinde, and R B Labowltz, Appl Phys Lett 53, 1874 (1988)



The low-temperature value O( YBCO on SrTi03 is 6 f 2 mQ, regardless of the thickness Of the hlm 17

However, similar films deposited onto LaGa03 show bw ‘eqmrature values near 1 x 2 mQ (sae Fig 7) That IS.

they exceed the sensitivity of the Cu cavity and rmst be measured with a Nb cavity. The resutt of this measurement

shows that the true value of Rs for the LaGaO@ased film is 0.2 z 0.1 mQ at 4 K and 22 GHz, about a factor of two

above Nb. A summary of representative Rs vs. o data will be given later.

A primary advantaJe of the stnpline resonator method for measuring Rs is that it can operate at different

frequencies. It thus has the capability to determine Rs vs. frequency u for the same specimen A typical stnplme

resonator used at Lincoln Laboratories is shown in Fig. 8.23 A sine wave is applied at the Input, and the output IS

synchronously monitored with a spectrum analyzer. Resonances are observed at !7: Iencie%‘or which the Ime

length / is an integer multiple of half wavelengths, i.e., I = n ~2. A frequency ‘&’.Je of -05 .::) (3Hz can be

covered. Additionally, if the upper ground plane is comptised of the film and substrate, ii is posst~ie to obtain

information on the substrate. Power measurements are a~so easily made with the stnpline technique A

disadvantage of the technique is that It Is not as sen”~tive as a Nb cawty unless it is an all HTS strfpiine resonator

CENTER
CONDUCTOR

—

DIELECTRIC

S7RIPLINE CROSS-SECTION

~l~ure 8, Typical strlpllne resonator for meawrtng RSof HTS samples (From Ref 23)

Stripline measurements on the same LaGa03”based YBCO film that was measured m the 22 GHz Cu and

Nb cavities, and described above, show that R5 IS, within expanmental error, slmdar to Nb The particular

configuration used in this experiment had the YBCO film as the upper ground plane, Nb as the centef sonductor

and bwer ground plane, and sapphire as the bw-bss dielectric LaGa03 separated the upper ground plane from

23 L) E Oates, these proceedings



the Nb center conductor. Atthough this is not the optimum arrangement for maximum sensitwlty, the Rs rsata do

agree with the cavity measurement.

Low-frequency (150 -450 MHz) Rs measurements on bulk superconductors are readily made In a half.

wave rwmant coaxial line such as the one shown in Fig. 9.24 The outer conductor is made of CU and the HTS

sample corrqxises the half-wave resonant line The entire apparatus IS filled edher with Iiquld nitrogen or hellum

An advantage of this technique is that in high-power (critical field) measurements the heat generated wdhm the

sample car be easily dissipated because of its direct contact with the cryogen bath.

ao

=

\

#

Figuro 9 Half-wave coaxial resonant line used to measure R9 of HTS samples
(F~om Ref 24)

During the approximately two and one”hatf years since the cllscove~ ot HTS numerous laboratories have

lnvestlgafed the high-frequency properties of these materlal~ A representative collectlo!l of the laboratories

—.

24 C L 8ohn, J R Delay en, and M T Lanagan, these proceedings



engaged in this re~earch, the Samp&3 measufed, and best RSresults to date are gwen m Table 1 For cofiqanson

with Cu, Au, and Nb, selected Rs values are pbttsd as a fuWtlOn of frWuenCy m Fig 10

[()-2

t 1

9

F~ro 10 Sur?aca reslstaneo of butk (0), film (A), and c~stal (9) 111S samples.
The arrows Itiicato that pbtted vabos are upper Imts, Data are taken from Table 1

The best Rs vslue for a bufi specimen of YBCO is -01 ma (3 (3H? and 4 K) 7Mg value, obtained only

after repeated grlndlng and SInteflng of the material and after prolonged heal treatment, IS still twa orchm of

magnitude Ngher than Nb Initial speculation was that some mtrtnsic property of HTS, such as zeroes of the

supsrconductlng gap on the l’efml suflaOO,might pfevent attalnm.nt Ofbw RS vaW8 Single.cW8t~l and film data

clemty demonstrate that Inttlnti pfoporties are not responsible for the high values of Rs observed m bulk material

A more reasonable conclusion 1. that tho superconducting qrains are coupled by weak Ilnk Josephson Iuncllons

which are more prevalent m butk than m high-quality smgle-c~stal or Mm mak:al We rellerato th~~central theme

Lowor Values of Rs can ba attain@ m FITSmaterial by lmFroved fabdcation Iechnquos



TABLE 1

Summary of l-ligh Frequency Data

WX.@l@S ~ &Q@

Argonne 0.15-15 TEMCu Coax YBCO md ~ 0.0011 (4.2K, 175 MHz)
15-40 TE Cu Cavity YBCO on A9(80 pm) 22 (42K, 2.65 ~Hz)

BSCCO on Ag (80 ~m) 6.5 (4.2K, 2.65 GHz)
Pb-doped BSCCO (bulk) 45 (4.2K, 29.2 GHz)

Cornell 5.95 TE Nb Cavity YBCO Cfystal <0.015 (2K, 5.95 GHz)
<0.5 (77K, 5.95 GHz)

YBCO (grain aligned)
Hil C 8.1 (3K, 5.95 GHz)
H LC 0.45 (3K, 5.95 GHz)

David Samoff Res 10 Disk Resonator YBCO (bulk) 3.8(1 OK, 10 GHz)

Jarm Atomk 7 Monolithic TM Catity YBCO C)u-106 (25K, 7 GHz)
E&gy Res. Inst

Los Atamos

Lincoln Lab

NRL

Northeastern

UCLA

Wostlrlghousa

Wlsconsm

Wuppallal

3

22

05.20

18

TM Nbcavity YBBC$~\&j 0.1 (4K, 3 GHz)
3.3 (4K, 3 GHz)

TBCCO 06 (4K, 3 GHz)
TE Cu Cwlty TBcco m

WI’
(5 Urn) e.5 (15K, 22 GHZ)

YBC
on SrTl~ (0.5 and 1.5 Bm) 6.0 (15K, 22 Gl{z)

TE Nb Cavity YBCO on LaGa03 (0,8 wn) 0.2 (4K, 22 GHz)

Mkro.SttlpUna YBCO on LaGa03 (0.8 PM) <0.003 (42K, 10 GHz)
YBCO on YSZ 0.39 (4.2K, 06 GHz)

TE Cu Cavity TBCCO (buk) 3(6K, 18 GHz)

8 Monotithk TE cavity YBCO OIJ-105 (42K, 6 GHz)
96 TE Pbcavtty YBCO (bulk) 49 (4.2% 9.6 GHz)

LSCO (buk) 11.3 (4.2K, 96 GHz)
10 TE m CwIty YBCO (C~St%l) <0.4 (72K, 10 GAz)

102 TE Cu Cwtty YBCO on SrT03 (a-axis) 300(4.2K,102@+z)
102 Yeco on sfnq (c4As) 15 (4,2K, 102 GHz)
148 YBCO on LM3a03 (O5 pm) 100 (42K, 148 GHz)
148 TBCCO on MgO 200 (77K, 148 GHz)

10 Nb StdpHnO YBCO on srn~ (05 w) 4 (42K, 10 Ghz)
(awls)

70-167 TE CuCmdty YBCO on srno3 -10(42 K,83GHz)

3.07 TM NbcaWty YBCO (buk) 01 (4 2K, 3 GHz)
TE Cu Cavtty Y6C0 on SrTi03 (O6 bAKI) <8 (77K, 86 7GHz)

YBCO on LaG#03 (O5 Mm) 18 (20K, 865 GHz)
YBCO on Ag (10.30 Urn) 18 (77K, 21 5GHz)

<3 (42K, 21 5GHz)
Comer (4K)
Niobwm (4K)

z 359
3130
930
53

< 0.4
<14,1

229
13

38

11
367
66

13,4

124
04

<3
1080

93

53
123
<4

29

1 45
46
91

40

-145

11
<11
24
39

<65
1200
02



Many high-frequency elwtronic applications of HTS require only that Rs be lower I,Jan CU For an

accelerating cavity, however, bw Rs at high power levels is required. In general, the field dependence of Rs for

bulk and film specimens is strong, the superconducting state does not exist above -5 Oe. In contrast, sngie

tryst:: resutts show that the superconducting state PemistS fOrSudace fields up to 93 @ at 20 K (5 95 GHz) 1 This

value is, however, far inferior to the best value achieved in Nb (1600 Oe). These results suggest that Weak-lInk

behavior may be responsible both for high Rs values and poor surface-field performance. These measurements

were done in cavities where the superconducting samples were in vacuum. Owing to the poor thermal

conductivity of HTS, it has been suggested that the breakdown of superconductivity, as observed In these

measurements, occurs because the heat being deposited in the sample cannot be readily dissipated, 25

Alternatively, measurements of the field dependence of Rs on bulk YBa2Cu307 done in a coaxial

resonator, where the sample was bathed in liquid cryogen, show that the supomonduc “‘q state does not break

down for fields a8high as -640 Oe (77 K and 190 MHz).25 The correspondingRs valde for this surface magnetic

fiekf is 5Y. of the normal value. These results are encouraging and emphasize the importance of thermal

conductivity in any cavity design utilizing HTS.

50 FUTURE PERSPECTIVES

Tremendous progress has been made in reducing Rs of HTS materials. In the approximately two years

since the firs! Rs value of HTS was reported (YBCO bulk), 13 improved processing and fabrication Iechrvques have

led to films of 1-inoh diameter that are competitive with Nb at 4 K,17 Moreover, recent results on the power

dependence of Rs suggest that, in principle, surface magnetic fields greater than 600 @ can be attained Thus,

values of the two most i~rtant parameters that determine the suitability of HTS Ior cavity applications, Rs and Hs,

indeed suggest that no fundamental limitation exists whkh should dlmurage further developmental work on

these malerfals, This does not imply that these are the only problems requiring scdutlon before an HTS

aoceleratlng cavity can be constructed. Oth@r considerations are film thickness (dete~mined by London

penetration depth), thermal mnducthdty, substrate, substrate backing matertal, film degradation with time, radiation

sensitivity, andfield emission. Nevertheless, recmgnui~ thti! the current status of Nb cavities has evolved over a

period -20 years, it is not unreasonable to expect that some research and development time will be requued to

make HTS cavities that are competitive with Nb.

Future Improvements in HTS high-trvquency properties will likely come Irom Improved processing

techniques, For example, m situ annealed films, as opposed to post-deposition films, yield bwer values of RS 16

These improvements may result from better oxygenation, ancVor elimination of non-reacted metals In Ine material

Cerlainly the bwer annealing temperature (- 500”C) of In SW procesmg WIIIhelp to reduce the problem ot

25 J R Delayen and C L Bohn, Pttys Rev B, subrnitt$d



substrate interaction wtth the superconductor, which commonly occurs at elevated temperatures (for example,

- 8800C encountered in post-deposition Processing).

Finally, it IS noteworthy that progress to date on high-frequency HTS materials has evolved trom

experimental work with muumal guidance from theo~ 2627 As a better Iheoretlcal picture emerges, however, It IS

expected that new ideas will be refused into the experimental work leading to further Improvements In high -

frequency properties.
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